1. Pig lymphocytes were transformed by dibutyryl cyclic AMP (6-N,2'-Odibutyryladenosine 3': 5'-cyclic monophosphate) at concentrations of 0.01-0.1 uM. The pattern of incorporation of label from [5-3H] [5-3H] uridine incorporation into RNA by phytohaemagglutinin, but only slightly lowered the lymphocyte response to dibutyryl cyclic AMP. 3. An increase in the size and specific radioactivity of the intracellular Pi pool was found immediately after stimulation by both phytohaemagglutinin and dibutyryl cyclic AMP. This was followed after some 30min by a rise in the specific radioactivity and concentration of ATP. 4. There was an immediate increase in the specific radioactivity of phosphate groups of histones; by about 45min after stimulation only the histones remaining after extraction of histone fraction Fl continued to incorporate 32p from [32P]P1. 5. Histone kinase activity increased in the first 30min after stimulation; subsequently histone Fl kinase activity decreased, but activity with the other histones as substrate continued to increase for a further 30min. Kinase activation was effected by cyclic AMP (adenosine 3': 5'-cyclic monophosphate). 6. Histone phosphatase activity behaved similarly to that of the kinase.
A number of micro-modifications to nuclear proteins are now believed to occur where changes in the pattern of genetic transcription have been initiated. Kleinsmith, Allfrey & Mirsky (1966) reported an increased incorporation of [32P]P1 into nuclear phosphoprotein after stimulation by phytohaemagglutinin. Pogo, Allfrey & Mirsky (1966) showed that an increase in acetate uptake into histones occurs during the same time-period; an increased acetylation of histones may commonly be associated with new RNA synthesis (Allfrey, 1970) .
Phosphorylation of histones other than fraction Fl has been reported in liver 1 h after partial hepatectomy (Ord & Stocken, 1969) and also in regenerating pancreas (Fitzgerald, Marsh, Ord & Stocken, 1970) .
Earlier experiments with pig lymphocytes transformed by phytohaemagglutinin had shown (Cross & Ord, 1970 ) that a rise in net phosphate content did not occur in histone F1 or the other histones until the period of DNA synthesis, although an increase in [32p]p1 uptake could be detected immediately after stimulation. Histone phosphorylation is energy-dependent, and a histone phosphokinase that utilizes ATP as substrate has been identified (Langan & Smith, 1967) . It was decided therefore to examine the specific radioactivity of Pi and ATP immediately after stimulation in the presence of [32P]P1, to test whether the latter could be related to changes in the specific radioactivities of the phosphate groups on histones. The activities of histone kinase and phosphatase (Meisler & Langan, 1969) were also assayed. Langan (1968) has established that histone phosphokinase can be activated by cyclic AMP (adenosine 3': 5'-cyclic monophosphate). Actinomycin did not prevent the immediate increase in phosphate content ofhistones other than fraction F1 in regenerating liver (Ord & Stocken, 1969) , suggesting that activation of the existing kinase might be occuLrring. The possibility that mitogens (Oppenheim, 1968) transform lymphocytes by binding to their membrane (Kay, 1969; Borberg, Yesner, Gesner & Silber, 1968) and produce a change in membrane permeability (Mueller & Fisher, 1968 ) also suggests that, inter alia, stimulation of adenylate cyclase might be involved.
2M. E. CROSS AND M. G. ORD MacManus & Whitfield (1969) have shown that cyclic AMP and dibutyryl cyclic AMP (6-N,2'-Odibutyryladenosine 3': 5'-cyclic monophosphate) stimulate DNA synthesis and mitosis in rat thymus lymphocyte cultures. The possibility that dibutyryl cyclic AMP might produce the same changes as does phytohaemagglutinin in pig lymphocyte cultures was therefore investigated.
METHODS
Lymphocyte cultures. Pig blood was collected from the slaughterhouse in sterile bottles containing heparin. A 6% (w/v) dextran solution (Dextraven; Fisons Pharmaceuticals Ltd., Loughborough, Leics., U.K.) diluted 1:1 with medium 199 (Flow Laboratories Ltd., Irvine, Ayrshire, U.K.) was added to the blood in the ratio blood/dextran solution 2:1 (v/v). After h at 37CC the upper dextran layer containing leucocytes and plasma was poured off the agglutinated erythrocyte sediment. The cells were spun down at loOOg for 10min. The cell precipitate was resuspended in medium, counted by using a haemocytometer and transferred to culture flasks. Cultures (Forsdyke, 1968) were set up at a lymphocyte concentration of 5 X 106 cells/ml in 50 ml portions; other leucocytes contributed a further 5% and erythrocytes about 12% of the population. Silicone-stoppered 210ml glass centrifuge pots were used as culture vessels. The cells were grown in medium 199 with added penicillin (50 units/ml), streptomycin (50Bg/ml) and fungicide, amphotericin (3 Zg/ml). The medium was supplemented with 5% (v/v) of foetal calf serum (Flow Laboratories The cells were left for 10 min and then homogenized on ice with a small glass-ball-type homogenizer of 0.2mm radial clearance. About 70 strokes were required before the nuclei appeared clean under phase contrast. The homogenate was spun at 300g. The nuclear precipitate was resuspended in 8% (w/v) sucrose containing (final concentrations) 50mmM-KCI, 0.05mM-ZnSO4, 2.0 mMMgCl2 and 5mM-tris-HCl buffer, pH7.1, and layered on to 10ml of 30% (w/v) sucrose containing (final concentrations) 50mm-KCl, 0.05 mM-ZnSO4, 2.0 mM-MgCl2 and 5mm-tris-HCl buffer, pH17.1. After centrifugation for 10min at 800g the nuclei had sedimented as a pellet, the dead cells and debris remaining at the sucrose interface. The nuclei were resuspended in sucrose as described above and counted, by using a haemocytometer.
Extraction of hi8tones. Nuclei were centrifuged out of the sucrose and resuspended in medium containing (final concentrations) 0.14m-NaCl, 3 mM-MgCl2 and 5mM-tris-HCI buffer, pH7.1, for 15min. The pellet, after centrifugation at 300g, was washed twice with 3mM-MgCl2 in lOmM-tris-HCl buffer, pH7.1, to remove nuclear ribosomal material (Frenster, Allfrey & Mirsky, 1960) . The pellet was given a further wash with 1 mM-HCl. Histone fraction Fl was extracted in 5% (w/v) perchloric acid (Johns, 1964) Determination of phosphate. The total phosphorus content of histone preparations was measered by thp method of Bartlett (1959) , but with 60% (w/v) HC104 instead of 5m-H2804, the 11202 being omitted.
Coounting Of 3p radioactivity in gel band8. Gels wer,e sliced and the protein bands were dissolved in 60% (w/v) H202 by incubation at 370C for about 5h. Radioactivity in the extracts was measured as ?erenkov radiation, counts of the samples in water being taken on the tritium channel of a Beckman CMP 200 liquid-scintillation counter. Counting of 32P radioactivity by this method is about 30% efficient.
Extractipn and determination of nigcleic acid. DNA and RNA were extracted by the method of Schmidt & Thannhauser (1945) as described by Munro & Fleck (1966) . RNA was determined by a modification of the original methQd described by Hur4bert, Sohmitz, Brumm & Potter (1954) . The sensitivity was improved by increasing the proportion of reagent from 66.6% to 75% of the final assay mixture. DNA was mneasured by the diphenylamine method of Burton (1956 (1938) was used. The quantities were scaled down to give a final aqueous volume of 2.0ml, to which 1.8 ml of 2-methylpropan-1-ol was added. Radioactivity was counted on a sample of the final extract before the addition of SnCl2.
Determination of ATP. ATP was measured by the luciferin-luciferase assay (Holton, 1959) .
Incorporation of ravdioisotopes and measurement of radioactivity. Nucleic acid synthesis was measured by determining the incorporation of [5-3H] 
RESULTS
Stimulation of lymphocytes by phytohaemagglutinin is a complex phenomenon. In an endeavour to by-pass membrane participation in the transformation, dibutyryl cyclic AMP was substituted for phytohaemagglutinin, and nucleic acid synthesis in the cultures was followed. Three periods of nucleic acid synthesis were examined: initial polydisperse-RNA synthesis immediately after stimiulation (0-1 h) (Pogo et al. 1966; Forsdyke, 1968) , RNA synthesis, initiated 4-5h later (Monjardino & MacGillivray, 1968) , and eventual DNA synthesis, which takes place after 2-3 days (Loeb, Agarwal & Woodside, 1968). In the pig lymphocyte system here described the peak of DNA synthesis was reached 72h after stimulation. RNA synthesis in the first hour after stimulation was examined in cultures to which different concentrations ofdibutyryl cyclic AMP had been added. It was found that polydisperse-RNA synthesis was stimulated only in the concentration range 0.01-1I/M-dibutyryl cyclic AMP. Results (Table 1) are expressed as a ratio of the specific radioactivity of RNA or DNA in stimulated cultures to that in controls for a given experiment. This was necessary because of variations between culture preparations from different batches of pig blood. In the presence ofphytohaemagglutinin, stimnulating concentrations of dibutyryl cyclic AMP produced no enhancement of the RNA synthesis observed. At concentrations above 0.01lmi dibutyryl cyclic AMP inhibited the lymphocyte response to phytohaemagglutinin. The critical dependence on the concentration of dibutyryl cyclic AMP used may explain results of previous workers (Hirschhorn, Grossman & Weissmann, 1970; Novogrodsky & Katchalski, 1970 ) who failed to find transformation induced by dibutyryl cyclic AMP.
Lymphocytes were treated with 0.1 ,uM-dibutyryl cyclic AMP and the characteristic phases of nucleic acid synthesis during transformation were compared with those obtained by treatment with phytohaemagglutinin. In each case the results with 0. l,M-dibutyryl cyclic AMP were similar to those with phytohaemagglutinin (Table 2) . Microscopic examination of the cells revealed an increase in cell size and an increased occurrence of mitosis and division in both sets of cultures.
A distinction might be made between the stimulatory effects of dibutyryl cyclic AMP and phytohaemagglutinin on the basis of the different responses they cause in the presence of chlorpromazine. This phenothiazine drug has been reported by Wolff & Jones (1970) to inhibit membranebound adenylate cyclase in a number of tissues.
With O.1,uM-chlorpromazine there was a striking difference between the responses to dibutyryl cyclic AMP and to phytohaemagglutinin; the former stimulated the lymphocytes significantly, but the latter produced only 28% of the stimulation found in the absence of chlorpromazine (Table 3) . With the greatest concentration of chlorpromazine (0.1 mM) used, cell membranes were damaged, but this was not apparent at lower concentrations. The inhibition by chlorpromazine was marked only if it and the stimulant were added in rapid succession and the culture flask was immediately shaken. If phytohaemagglutinin was added first, the inhibitory effect of chlorpromazine was decreased. Experiments in which the concentrations of phytohaemagglutinin and dibutyryl cyclic AMP were increased showed that binding of chlorpromazine to these compounds was not a factor in determining the extent of stimulation. If dibutyryl cyclic AMP was added to a culture to which phytohaemagglutinin and chlorpromazine had already been added the lymphocytes were stimulated to the extent expected for dibutyryl cyclic AMP in the presence of chlorpromazine.
Theophylline, which increases the concentration of cyclic AMP within the cell by inhibiting phosphodiesterase, has some stimulatory effect on lymphocytes. At 5mM a stimulation ratio for DNA of about 1.5 was observed after 72h, compared with 2.5-3.5 for phytohaemagglutinin. A similar mitogenic effect of caffeine was reported by MacManus & Whitfield (1969) .
Cultures stimulated by either phytohaemagglutinin or dibutyryl cyclic AMP were exposed to [32P]P1 for 30min, and the Pi and ATP pools were examined immediately after stitnulation. There was an immediate increase in net Pi within the cell (Fig.   1 ). Within 30min this had returned to control, or below control, values. The specific radioactivity of Pi similarly increased rapidly immediately after stimulation. The size and specific radioactivity of the ATP pool both increased, but not significantly until 30min after stimulation (Fig. 2) .
Changes in the pulse-labelling of histone phosphate were also examined during this period. gel bands was found to increase in the first 30min after stimulation (Table 4) , preceding any detectable rise in the specific radioactivity of the precursor ATP pool (Fig. 2) . Subsequently [32P]Pi continued to be incorporated into histones other than Fl, the increase in specific radioactivity of this fraction now reflecting that of the ATP pool. Histone kinase activity was examined both in nuclei and in the cytoplasm immediately after stimulation. Histone PI and the histones remaining after extraction of histone Fl were used as substrates. The nuclei were obtained in isosmolar sucrose and there was little difference in enzyme activity between the two cell fractions. With both histone fractions there was an increase in kinase activity during the first 30min after stimulation (Table 5 ). In the next 30min histone Fl kinase activity decreased, but activity with the other histones continued to increase until 60min after stimulation. When cyclic AMP was added to kinase preparations from either stimulated or control cultures the enzyme was activated to the same extent (Table 5) .
Histone phosphatase activity also increased immediately after stimulation, declining after 30min (Table 6) Kinase activity paralleled the [32P]P1 -incorporation results, increasing rapidly in the first 20-30min after stimulation, when either histone Fl or the other histones was used as substrate. After 30min histone F1 kinase activity decreased, whereas activity with the other histones continued to increase until 60min, subsequently falling. Phosphatase activity behaved similarly, the increase slightly preceding that of the kinase. With histones other than Fl as substrate, the hydrolase activity decreased after 30min, with the kinase activity still continuing to increase; this, and the increased specific radioactivity of the ATP, account for the increased specific radioactivity of the other histonas at 60min and 90min after stimulation. The mechanism of the rapid activation of the phosphatase after stimulation is not established. It is still uncertain whether there is one histohte kinase and one histone phosphatase, or whether a number of enzymes with different specificities for histones exist. The different time-courses reported here for histone Fl and the other histones might suggest the latter. Preliminaty resilts from this laboratory (Siebert, Ord & Stockeh, 1971) are also consistent with the existence of at least two kinases.
There is a further question of the location of both enzymes. They are found both in the nucleus and the cytoplasm (Siebert et al. 1971 ), but in these experiments similar changes in activity were observed in both fractions. This might be due to the use of isosmolar solutions to isolate the nuclei.
Cyclic AMP (0.01 mM) increased the kinase activity with both groups of histones. The activity of the enzyme in cultures stimulated with phytohaemagglutinin was not further increased by cyclic AMP, suggesting that in vivo the enzyme is activated by endogenous nucleotide immediately after lymphocyte stimulation.
The comparable stimulation of the cultures by unpurified phytohaemagglutinin and dibutyryl cyclic AMP (0.01-0.1,UM) is not unexpected if part of the action of the mitogen occurs through activation of adenylate cyclase. Smith, Steiner & Parker (1970) have found an early increase in cyclic AMP concentration in human peripheral 247 nin blood lyTnphocytes transformed by phytohaemagglutinin, but in other cases (Novogrodsky & Katchalski, 1970) no increase in cyclic AMP in transformed systems has been detected. The role of the nucleotide, or of the metabolic stimulus that it normally produces, in initiating transformation remains unresolved, but the results described here, in conjunction with the measured increase in cyclic AMP reported by Smith et al. (1970) , would suggest that cyclic AMP activation of histone kinase is one of the early events occurring after stimulation.
